Abstract: Electroencephalograph (EEG) recordings during the right and the left hand motor imagery can be used to move a cursor to a target on a computer screen. Such an EEG-based brain-computer interface (BCI) can provide a new communication channel to replace an impaired motor function. It can be used by e.g., handicap users with amyotrophic lateral sclerosis (ALS). The conventional method purposes the recognition of the right hand and the left hand motor imagery. In this study, statistical pattern recognition method based on AR model is introduced to discriminate the EEG signals recorded during the right hand, the left hand and the right foot motor imagery. And the recognition ofthe hand motor imagery and the foot motor imagery also is carried out. Finally, the effectiveness of our method is confirmed through the experimental studies.
INTRODUCTION
Classification of EEG signals is a difficult task, especially when the derived classification result is to be used to control an electronic device, because in this case the classification has to be performed on a single-trial basis (i.e. not averaged). Such a system which transforms signals from the brain into control signals is known as a brain-computer interface (BCI) [1, 2] . For the single-trial signal recognition method, there are many methods have been proposed. For examples, artificial neural network (ANN) with frequency components as a feature vectors [3] and linear discrimination method based on adaptive auto-regressive (AR) parameter [4, 5] . We also have proposed a system based on AR model [6] . And the learning effects of subjects were investigated [7] . In these studies, it was confirmed that the detection of imagination of hand movement was possible with high accuracy by using EEG of subject who trained enough. This fact suggests that robot operation will be possible by using our method. But these conventional methods purpose the recognition of two classes of the right hand and the left hand motor imagery
In this paper, statistical pattern recognition method based on AR model was introduced to discriminate the EEG signals recorded during the hand and the foot motor imagery. And the identification of three classes was carried out.
METHOD AND MATERIALS
Three subjects (22-24 years old) participated at this study. All were right-handed and right-footed men. And free of medication and central nervous system abnormality.
Experimental Pradigm
During the experiment, the subject fixated a computer monitor 100 cm in front of him. Each trial was 10 sec long and started with the presentation of a fixation cross at the center of the monitor, followed by a short warning tone ('beep') at 2000 ms (see Figs. 1 and 2 ). At 3000 ms, the fixation cross was overlaid with an arrow at the center of the monitor for 1250 ms, pointing to the left or to the right or to the down. Depending on the direction of the arrow, the subject was instructed to imagine a movement of the left or the right hand or the right foot. Prior to the experiment, each subject was given the opportunity to practice and perform actual movements of the left and right hand or the right foot according to the arrow direction displayed on the monitor. Feedback consisted of a bar-graph is presented in the center of the monitor since 4250msec to 8000msec; the length of the bar-graph depending on how well a subject-specific classifier could recognize movement-dependent EEG characteristics. There were two types of sessions: in the training sessions, data were collected for the creation of a subject-specific classifier and, therefore, no feedback was provided. In the following test sessions, the classifier was then used to classify the subject's EEG on-line while he imagined the requested kind of hand and foot movement and feedback was given to the subject as described above. Each of the initial subjects participated in 10 sessions, all on different days. Each session consisted of 4 experimental of 60 trials (20 'left' and 20 'right' and 20 'down' trials) and lasted for about 1.5 hour. The sequence of 'left' and 'right' and 'down' trials, as well as the duration of the breaks between consecutive trials (ranging between 500 and 2500 ms), were randomized throughout each experimental run. In 2-10 session, the feedbacks are executed based on the parameter estimated from the previous experimental data. 89 The purpose of this paper is to identify the human's will (right hand, left hand and right foot motor imagery) by using three channels of EEG signals (C3, C4 and Cz). Therefore, following Byes decision rule is adopted. In this study, Pr(a) = Pr(co2) = Pr(co3) = I/3 is assumed. The frequency change is caused with the change of the parameter. It is thought that some information can be extracted from the parameter.
PATTERN RECOGNITION OF THE EEG
considered, and the order of the AR model is set to 10. To obtain a more general view of the ability of classification, a 10 times 10 fold cross validation is performed. We recorded EMG activity from forearm flexor muscle and biceps muscle of thigh. Since the purpose of this experiment is pattern recognition of EEG signals, subjects can not use limb muscle. We calculate nine correlations R between EMG and EEG as follows. y':EEG y2 :EMG EMG are three channels (Left and Right forearm flexor muscle, Right biceps muscle of thigh) and EEG are three channels (C3, C4 and Cz). Therefore, correlations are calculated. The correlation of each trial is calculated from the data of the 10th session. The average of the correlation correlations of the 10th session are shown in Table 1 . And, the average is assumed to be a correlation coefficient of the 10th session. The results are shown in Table 1 . Table 1 suggests that there is no correlation between EMG and EEG in subject sl and c2 because correlation coefficient of subject sl and c2 is less than 0.1. On the other hand, there is correlation between EMG and C4 data in subject o3. Thus, it is considered that subject o3 use limb muscle during motor imagery. From Figs. 5, 6 and 7. The recognition accuracy during the left hand and the right foot motor imagery is the highest and the recognition accuracy during the right hand and the right foot motor imagery in the second place in subject c2. Fig. 8 shows the recognition accuracy using C4 and Cz data during the left hand and the right foot motor imagery. The recognition accuracy using C4 data is higher than that using Cz data. Fig. 9 shows the recognition accuracy using C3 data and Cz data during the right hand and the right foot motor imagery. Accuracy using C3 data is higher than that using Cz data. Therefore, it is expected that there is relation in between EEG signals during the hand motor imagery and the foot motor imagery. Results of spectrum analysis of EEG signals are shown in Figs. 10 and 11. In Fig.10 , the spectrum is calculated from the 6th session data. Using the 6th session data, the recognition accuracy of the right hand motor imagery and the right foot motor imagery is overall high. On the other hand, the spectrum is calculated from the 8th session data in the Fig. 11 . Using the 8th session data, the recognition accuracy of the left hand motor imagery and the right foot motor imagery is overall high.
The left column in the figure is the result of the left hand motor imagery. The center column is the result of the right hand motor imagery. The right column is the result of the right foot motor imagery. The top row is the result of C3 data. The middle row is the result of C4 data. The bottom row is the result of Cz data. The vertical axis denotes the frequency and color denotes the power of frequency. The horizontal axis denotes the processing end point during AR parameters estimation. Here, data length is 1.0 sec and end point is changed from 4.0 to 8.0 sec every 1/128 sec when AR parameters are estimated. Frequency band of 10-15 Hz in C4 data during left hand motor imagery is attenuated. This feature is clearly shown in Fig. 10 . And frequency band of 10-15 Hz in C3 data during right hand motor imagery is attenuated, too. This feature is clearly shown in Fig. 11 . And then frequency band of 10-15 Hz in EEG signals during right foot motor imagery is intensified. From these results, it is found that the recognition of the right hand, the left hand and the right foot motor imagery function well.
CONCLUSION
It was possible to recognize EEG signals during motor imagery if the instruction was two kinds [7] . In this paper, experiment with three kinds of instruction was carried out according to the same theory. The recognition accuracy of two subjects was low throughout the experimental, but one subject improved the recognition accuracy. And we could confirm that there were the features in particular frequency range from spectrum analysis results of one subject.
These facts suggest that BCI system with three kinds of input signals can be created.
